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The l in e - s o u rc e  s o lu t io n  to  th e  d i f f u s i v i t y  e q u a tio n  used 
i n  p u lse  t e s t i n g  assumes an i n f i n i t e  r e s e r v o i r .  This T hesis  
looks  a t  th e  e f f e c t s  o f  p e rp e n d ic u la r  01  ̂ p a r a l l e l  boundaries
t h a t  a re  e i t h e r  no-flow  o r  c o n s ta n t - p r e s s u r e  b o u n d a r ie s .  The
method o f  images and th e  s u p e rp o s i t io n  p r i n c i p l e  a re  used to  
s im u la te  th e  above bo u n d ar ie s  i n  an o th e rw ise  i n f i n i t e  r e s e r ­
v o i r .
The e f f e c t s  o f  th e  d i f f e r e n t  boundarie s  on th e  v a lu es  of 
t r a n s m i s s i b i l i t y  and s to ra g e  f o r  d i f f e r e n t  d i s t a n c e s  to  th e  
b a r r i e r s  a re  determ ined  as  a p e r  c e n t  e r r o r  and p l o t t e d  i n
f ig u re s  13 through 18. By lo o k in g  a t  th e se  g raphs one can see
how much o f  an e r r o r  i s  produced by the  d i f f e r e n t  boundarie s  
a t  v a r io u s  d i s t a n c e s .  The fo l lo w in g  o b s e rv a t io n s  can a lso  be 
made c o n s id e r in g  a l l  o f  th e  d a ta :
1. The e f f e c t s  o f  a l i n e a r  boundary a re  a fu n c t io n  of
both  th e  d is ta n c e  to  th e  boundary and i t s  an g u la r  
l o c a t i o n  w ith  r e s p e c t  to  th e  t e s t  w e l l s .
2 . In c re a s in g  th e  le n g th  o f  th e  p u lse  i n t e r v a l  n ea r  a
l i n e a r  boundary in c r e a s e s  th e  e r r o r  i n  t r a n s m i s s i b i l i t y
i i i
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and s to r a g e .
3 .  A r e s e r v o i r  w ith  high  p e rm e a b i l i ty ,  low p o r o s i ty ,  low 
v i s c o s i t y  f l u i d s ,  lov; c o m p re s s ib i l i ty  f l u i d s ,  o r  sm a ll 
w e ll  sp ac in g  w i l l  be a f f e c t e d  th e  most by th e  l i n e a r  
b o u n d a r ie s .
A. T r a n s m is s ib i l i ty  i s  a f f e c t e d  to  a g r e a t e r  e x te n t  than  
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INTRODUCTION
P u lse  t e s t i n g  was in tro d u c e d  i n  1966 as  a  new r e s e r v o i r  
en g in ee r in g  t o o l ,  With p u lse  t e s t i n g  an en g in ee r  can now 
determ ine th e  average  r e s e r v o i r  p r o p e r t i e s  between any two w e lls  
i n  a f i e l d  which a re  i n  communication w ith  each o th e r .  P u lse  
t e s t i n g  can a l s o  be used to  answer th e  q u e s t io n s  o f  whether o r  
n o t th e re  i s  communication a c ro s s  a f a u l t  and whether o r  n o t 
th e re  i s  d i r e c t i o n a l  p e rm e a b i l i ty  w ith in  a r e s e r v o i r .
Only two w e l ls  w ith in  a  f i e l d  a re  in v o lv ed  in  a  p u lse  
t e s t .  The rem ainder of  th e  w e l ls  can c o n tin u e  p roducing  n o r­
m a lly . Thus, th e  p ro d u c tio n  o f  a f i e l d  need n o t  be changed by 
a l a r g e  amount as  i s  th e  case when a normal p re s s u re  bu ildup  
o r  drawdown t e s t  i s  ru n .
At one w e l l ,  th e  p u l s e r ,  a  f lo w -ra te  change i s  caused by
1) p roducing  a t  a  c o n s ta n t  r a t e  and then  s h u t t in g  i n ,  o r  2) 
i n j e c t i n g  f l u i d  a t  a  c o n s ta n t  r a t e  and then  s h u t t in g  i n .  The 
f lo w - ra te  change i s  s a id  to  l a s t  f o r  a  tim e At-^, and the  s h u t -  
i n  time i s  s a id  to  l a s t  fo r  a  tim e At^. A f lo w - ra te  change 
and a s h u t - i n  p e r io d  c o n s t i t u t e  a p u lse  c y c le .  A m u l t ip le -  
p u lse  t e s t  would sim ply be a  t e s t  w ith  more than  one c y c le ,  as  
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TIME
F igure  1 . — Two-cycle f lo w - ra te  h is to ry *
on
TIME
F igu re  2 . — P re s su re  t r a n s i e n t  due to  a s in g le  
flow r a t e .
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At th e  o th e r  w e ll ,  th e  re sp o n d e r ,  in s t ru m e n ts  a c c u ra te  to
0 .001 psi^*^  re c o rd  p r e s s u re  changes i n  th e  r e s e r v o i r  caused by 
the  p u l s e r  w e l l .  Each tim e th e  r a t e  o f  flow i s  changed ( in c re a s e d  
o r  s h u t - in )  a t  th e  p u l s e r  w e l l ,  a new p re s s u re  t r a n s i e n t  i s  
in tro d u c e d  i n t o  th e  r e s e r v o i r .  The a lg e b ra ic  sum o f  th e se  
p re s s u re  t r a n s i e n t s  a t  a  g iven  tim e and p o in t  i n  th e  r e s e r v o i r  
i s  th e  p u lse  re sp o n se .  The p u lse  re sp o n se ,  reco rd ed  a t  th e  
re sp o n d e r  w e l l ,  i s  used to  de term ine th e  average v a lu es  of 
t r a n s m i s s i b i l i t y  and s to ra g e  i n  th e  r e s e r v o i r  between th e  p u ls e r  
and resp o n d e r  w e l l s .
In  th e  fo llo w in g  s e c t io n s  the  th eo ry  o f  p u lse  t e s t i n g  w i l l  
be rev iew ed , and th e  o b je c t iv e s  o f  t h i s  s tudy  w i l l  be d is c u s s e d .
THEORY OF PULSE TESTING
The magnitude and tim ing  o f  th e  p u lse  response  depends 
upon th e  v a lu es  o f  t r a n s m i s s i b i l i t y  (T) and s to ra g e  (S) in  th e  
r e s e r v o i r  between th e  two t e s t  w e l l s .  T ra n s m is s ib i l i ty  i s  a 
fu n c t io n  of fo rm ation  p e rm e a b i l i ty  ( k ) , th ic k n e s s  ( h ) ,  and 
f l u i d  v i s c o s i t y  (J* ) a s  exp ressed  by e q u a tio n  1 . S to rage  i s
a fu n c t io n  of  fo rm ation  th ic k n e s s ,  p o ro s i ty  ( <̂  ) ,  and f l u i d
c o m p re s s ib i l i ty  (c )  as  exp ressed  by eq u a tio n  2 . Thus the  p u lse  
re sp o n se  i s
T = kh /^  (1)
S = ^ch (2)
a measure o f  th e  p e rm e a b i l i ty ,  p o r o s i ty ,  and th ic k n e s s  of th e  
r e s e r v o i r  and o f  the  c o m p re s s ib i l i ty  and v i s c o s i t y  of the  f l u i d s
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i n  th e  r e s e r v o i r ,
L ine-Source S o lu tio n  to  th e  D if fu s iv i t .y  Equation
The eq u a tio n  used to  approxim ate the  u n s te a d y - s ta te  flow 
of  a s l i g h t l y  com press ib le  f l u id  through a homogeneous porous 
medium i s  th e  d i f f u s i v i t y  e q u a t io n .  With p re s su re  w r i t t e n  as 
a fu n c t io n  of  r a d iu s  and tim e, th e  eq u a tio n  can be shown as :
B2P + x a_P = aU  c a P (3)
d r  r  6 r  k a t
Equation  3 i s  based upon th e  fo llo w in g  assum ptions:
1. The r e s e r v o i r  i s  homogeneous and i s o t r o p i c ;  i . e . ,  
p e rm e a b i l i ty  and p o r o s i ty  a re  c o n s ta n t  i n  a l l  
d i r e c t i o n s .
2 . The r e s e r v o i r  i s  h o r iz o n ta l  w ith  c o n s ta n t  th ic k n e s s .
3 . The r e s e r v o i r  f l u i d  flows i n  only  one phase .
The r e s e r v o i r  f l u i d  i s  s l i g h t l y  co m p ress ib le ; i . e . ,  
sm all and approx im ate ly  c o n s ta n t  c o m p re s s ib i l i ty .
5 . The v i s c o s i t y  o f  th e  f l u i d  i s  c o n s ta n t .
6. F lu id  flow i n  th e  r e s e r v o i r  i s  lam inar  and r a d i a l  and 
obeys Darcy*s Law.
7 . F lu id  d e n s i ty  obeys an e x p o n e n tia l  law .
One s o lu t io n  to  th e  above d i f f u s i v i t y  eq u a tio n  i s  th e  l in e -  
sou rce  s o lu t io n ,  and i t  i s  used to  d e s c r ib e  and i n t e r p r e t  p r e s ­
su re  b u ild u p  and draw-down t e s t s .  I t  has been shown by John­
son, e t  a l ,  (1) t h a t  t h i s  s o lu t io n  can a ls o  be used to  d e s c r ib e  
th e  p re s s u re  re sp o n se  i n  a  p u lse  t e s t .  I f  we i n j e c t  f l u id  i n to
a fo rm a tio n , th e  l i n e  source  s o lu t io n  i s  w r i t t e n  as :
P = P. -  70.6Bq Ei I -36 .900S r2l
i  ^ -------- > (ij)
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(The symbols and u n i t s  i n  th e  above and a l l  fo llo w in g  eq u a tio n s  
a re  d e f in e d  i n  th e  Appendix.) To s h u t - in  an i n j e c t i o n  p u ls e r  
w ell  a t  some tim e t  = A t^ ,  we sim ply s to p  i n j e c t i n g  w a te r .  
However, th e  p re s s u re  t r a n s i e n t  i n  an i n f i n i t e  r e s e r v o i r  con­
t in u e s  to  i n f i n i t e  tim e. To use  th e  l in e - s o u r c e  s o lu t io n  in  
p u lse  t e s t i n g ,  we must a l s o  make use  of th e  p r in c ip l e  o f  su p e r-  
p o s i t i o n .
P r in c ip le  o f  S u p e rp o s i t io n
This p r in c ip l e  makes p o s s ib le  the  g e n e ra t io n  of 
p re s s u re  b ehav io r  s o lu t io n s  f o r  a r b i t r a r y  p roduc ing - 
r a t e  sch ed u le s  from th e  b a s ic  c o n s t a n t - r a t e  p re s s u re  
b ehav io r  s o lu t io n s  . . . .  In  g e n e ra l ,  th e  s u p e rp o s i t io n  
techn ique  can be a p p l ie d  to  s o lu t io n s  of l i n e a r  d i f ­
f e r e n t i a l  eq u a tio n s  o b ta in ed  f o r  c o n s ta n t  boundary 
c o n d i t io n s  to  g e n e ra te  s o lu t io n s  fo r  t im e -v a ry in g  
boundary c o n d i t io n s .  (A)
With th e  use o f  th e  p r i n c i p l e  o f  s u p e rp o s i t io n ,  a  p e r io d  
o f i n j e c t i o n  from tim e t  = 0 to  tim e t  = A t^  fo llow ed by an 
i n f i n i t e  s h u t - in  tim e can be s im u la ted  by:
(1) i n j e c t i n g  w ater a t  a r a t e  'q.on' from time t  = 0 to  
t  =*) , and
(2) p roducing  w ater a t  a r a t e  fqonf from tim e t  =A t^  to  
t  ~c>o .
At time t  = A t^  th e  i n j e c t i o n  o f  w ater i s  con tinued  a t  r a t e  
^on** bu t w ater i s  a l s o  produced a t  an equa l r a t e ,  n e g a tin g  
th e  i n j e c t i o n .  The p re s s u re - re s p o n s e  eq u a tio n  r e s u l t i n g  from 
th e  above i s  th e  same as  e q u a tio n  A u n t i l  time t  =At-^. At any 
time t>A t-^ th e  eq u a tio n  f o r  th e  resp o n se  w i l l  have two exponen­
t i a l - i n t e g r a l  term s in  i t ,  a s  i n  eq u a tio n  5 ;
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P = P± -  70.6Bqon
T
Ei -56,900Sr' Ei |-56 ,900Sr'
( 5 r
The second E i- te rm  i s  due to  th e  im aginary  p ro d u c tio n  r a t e  from 
tim e t  = At-^ to  any o th e r  tim e t >  A t^ .  As can be seen  i n  
eq u a tio n  5> the  f i r s t  p u lse  i n t e r v a l  co n t in u e s  to  a f f e c t  the  
r e s e r v o i r  p re s s u re  even a f t e r  tim e t >  A t^ .  I f  i n j e c t i o n  was 
s t a r t e d  a t  a  r a t e  1 <lon 1 a t  tim e t  = At^ + A a p re s s u re  
re sp o n se  eq u a tio n  w ith  th r e e  term s i n  i t  would be needed, as  
i n  e q u a tio n  6, and th e  f i r s t  and second e x p o n e n t i a l - i n t e g r a l  
term s would co n tin u e  to  a f f e c t  th e  r e s e r v o i r  p re s s u re  a t  time 
t >  At-^ + At2*
For each r a t e  change, th e  s u p e rp o s i t io n  p r in c ip l e  i s  th e  same:
1) Continue th e  o ld  s o lu t io n  forward i n  tim e,
2) Add to  th e  o ld  s o lu t io n  th e  p re s s u re  t r a n s i e n t  caused
The s u p e rp o s i t io n  p r i n c i p l e  i s  g r a p h ic a l ly  i l l u s t r a t e d  by f i g ­
u re s  2, 3 , and k* In  f ig u re  2 a f lo w -ra te  change has been 
i n i t i a t e d  a t  time t  = 0 caus ing  a p re s s u re  change w ith in  the  
r e s e rv o i r *  The magnitude o f  th e  p re s s u re  change w ith r e s p e c t  
to  time a t  a p o in t  i n  th e  r e s e r v o i r  i s  p lo t t e d  i n  f ig u re  2 .
In  an i n f i n i t e  r e s e r v o i r ,  th e  p re s s u re  changes w i l l  l a s t  fo r  
an i n f i n i t e  tim e. Each time a r a t e  change o f  equal magnitude
Ei -56 ,900S r‘
Ei J-36,900Sr I + Ei
1 T T K i t V n
6 , 900Sr
-StZTf (6)
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i s  i n i t i a t e d ,  a  s im i l a r  p r e s s u re  t r a n s i e n t  w i l l  be g e n e ra te d  , 
and con tinued  to  i n f i n i t e  tim e a s  i s  i l l u s t r a t e d  by f ig u r e  3«
The r e s u l t i n g  p r e s s u re  re sp o n se  i s  th e  a lg e b r a ic  sum o f  th e  
in d iv id u a l  p r e s s u re  t r a n s i e n t s .  F ig u re  k i s  th e  r e s u l t  o f  add­
in g  in d iv id u a l  p r e s s u re  t r a n s i e n t s ,  and t h i s  i s  what i s  a c tu a l ly  
re co rd ed  a t  th e  re sp o n d e r  w e l l .
G enerated  I n t e r p r e t a t i o n  Curves
As was mentioned e a r l i e r ,  th e  tim ing  and magnitude o f  th e  
p u lse  re sp o n se  i s  dependent upon th e  v a lu e s  o f  t r a n s m i s s i b i l i t y  
and s to ra g e  i n  th e  r e s e r v o i r  between th e  two t e s t  w e l l s .  P u lse  
re sp o n se ,  t r a n s m i s s i b i l i t y ,  and s to ra g e  a re  r e l a t e d  by e q u a t io n s  
s im i l a r  to  e q u a tio n s  Zf, and 6.
A s e t  o f  i n t e r p r e t a t i o n  cu rv es  could  be g en e ra ted  by 
s u b s t i t u t i o n  o f  d i f f e r e n t  v a lu es  o f  S, T, R, r ,  A t p  and Bq 
in to  th e  p re s s u re - re s p o n s e  eq u a tio n  r e p r e s e n t in g  th e  number o f  
p u lse  i n t e r v a l s  i n  a g iven  t e s t .  The f i e l d  t e s t  could  th en  be 
i n t e r p r e t e d  by m atching th e  f i e l d  curve to  th e  g e n e ra te d  curves 
u n t i l  th e  b e s t  match was found. S to rag e  and t r a n s m i s s i b i l i t y  
fo r  th e  f i e l d  t e s t  would then  be th e  same va lu es  used to  gen­
e r a t e  th e  t h e o r e t i c a l  cu rv e . The v a lu e s  of  R, r ,  A t ,  and Bq 
would be measured f o r  a  g iven  f i e l d  t e s t  and would n o t be 
unknown p a ram e te rs .  T herefo re  th e  t h e o r e t i c a l  curve t h a t  i s  
used to  i n t e r p r e t  the  f i e l d  curve would have to  have th e  same 
v a lu es  o f  R, r ,  A t ,  and Bq as  th e  f i e l d  t e s t .
B esides  r e q u i r in g  hundreds of t h e o r e t i c a l  cu rv es ,  th e
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above i n t e r p r e t a t i o n  p rocedure  would n o t work i f  any p re s s u re  
t r a n s i e n t s  were p re s e n t  i n  th e  r e s e r v o i r  d u r in g  the  time of 
t e s t i n g .  P re s su re  t r a n s i e n t s  a re  norm ally  p r e s e n t  i n  every 
r e s e r v o i r  due to  normal producing  o p e r a t io n s .  The response  
reco rd ed  a t  th e  re sp o n d e r  w e ll  would then  be th e  r e s u l t  o f  the  
p u lse  re sp o n se  and th e  o ld  r e s e r v o i r  p re s s u re  t r a n s i e n t s .  Since 
th e  o ld  p r e s s u re  t r a n s i e n t s  cou ld  ta k e  hundreds o f  d i f f e r e n t  
forms, th e  i n t e r p r e t a t i o n  cu rves  would have to  be g en e ra ted  f o r  
each d i f f e r e n t  r e s e r v o i r  p r e s s u re  t r a n s i e n t .
Tangent Method o f  I n t e r p r e t a t i o n
The ta n g e n t  method o f  i n t e r p r e t a t i o n  was developed by
(3)Johnson, Greenkorn, and Woods o f  Esso. T h is  method i s  used
to  e l im in a te  or a t  l e a s t  to  minimize th e  e f f e c t s  o f  o ld  r e s e r ­
v o i r  t r a n s i e n t s  upon th e  i n t e r p r e t e d  r e s u l t s  o f  a p u lse  t e s t .
Tv/o new te rm s, tim e la g  ( t ^ )  and p re s su re -a m p li tu d e  response  
( A P ) ,  a re  d e f in e d  and used to  determ ine t r a n s m i s s i b i l i t y  and 
s to r a g e .
D e f in i t io n s  and General Procedure
The p re s s u re - t im e  h i s t o r y  reco rd ed  a t  th e  re sp o n d e r  w ell 
and th e  r a t e - t i m e  h i s t o r y  reco rd ed  a t  th e  p u l s e r  w ell  a re  p lo t t e d  
on th e  same c h a r t  as  i n  f ig u re  5* The odd p re s su re -a m p li tu d e  
re sp o n se s  ( AP) a re  found by th e  fo llow ing  method, i l l u s t r a t e d  
i n  f ig u re  6a:
1) Draw a ta n g e n t  l i n e  between th e  v a l le y s  of th e  p r e s ­
su re - t im e  cu rve .
T-1303 11
P u lse  Response P lu s  
Old P re s su re  T ra n s ie n t




F ig u re  3* — F lo w -ra te  h i s t o r y  and p r e s s u r e -  
re sp o n se  reco rd ed  on th e  same 
c h a r t .
(A f te r  Baker-Gruy, 1969)
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2) F ind th e  p o in t  a t  which th e  maximum d i f f e r e n c e  between 
th e  tan g en t l i n e  and th e  p r e s s u r e - t im e  curve o c c u rs .
This p o in t  w i l l  be th e  tim e i n t e r v a l  on th e  peak which
has th e  same s lo p e  as  th e  ta n g en t  l i n e .
3) The odd p re s su re -a m p li tu d e  resp o n se  i s  th e  maximum 
p re s s u re  d i f f e r e n c e  between th e  ta n g e n t  l i n e  and th e  
p re s s u re - t im e  cu rve .
The odd time la g  ( t ^ )  i s  th e  d i f f e r e n c e  i n  tim e between th e  time 
a t  v/hich th e  p re s su re -a m p li  tude re sp o n se  i s  measured and the  
tim e a t  which th e  p reced in g  p u lse  ended. The even tim e la g  
( t ^ )  and p re s su re -a m p li tu d e  re sp o n se  ( AP)  a r e  found i n  a sim­
i l a r  manner by drawing ta n g e n t  l i n e s  between th e  peaks o f  th e
p re s s u re - t im e  curve ( f i g u r e  6b).
I f  th e  o ld  p re s s u re  t r a n s i e n t s  o f  a r e s e r v o i r  a re  approx­
im a te ly  l i n e a r  between th e  p o in ts  o f  tangency , th e re  w i l l  be 
no e f f e c t  upon th e  tim e la g  o r  th e  p re s s u re -a m p li tu d e  response  
o f  a  p u lse  t e s t .  The s lo p e s  o f  th e  ta n g en t l i n e s  w i l l  i n c r e a s e ,  
bu t th e  p o in ts  on th e  p re s s u re - t im e  curve w i l l  in c re a s e  by th e  
same amount.
Having d e f in e d  tim e la g  and p re s s u re -a m p li tu d e  response  
and having e s t a b l i s h e d  t h a t  th e se  v a lu es  w i l l  n o t be a f f e c t e d  
by l i n e a r  r e s e r v o i r  p r e s s u re  t r a n s i e n t s ,  v/e must c o r r e l a t e  time 
la g  and p re s su re -a m p li tu d e  re sp o n se  w ith  s to ra g e  and t ra n sm is ­
s i b i l i t y .  Again, we could  g e n e ra te  cu rves w ith  d i f f e r e n t  com­
b in a t io n s  o f  S, T, R, r ,  A t ,  and Bq. We cou ld  measure the  
time la g  and p re s su re -a m p li tu d e  re sp o n se  on th e s e  curves and 
determ ine  c o r r e l a t i o n  cu rves  fo r  t r a n s m i s s i b i l i t y  (T) and
s to ra g e  (S) as  fu n c t io n s  o f  t ^  and AP. However, W. E. B r ig -  
( 2 )hanr ' has made an assum ption t h a t  a llow s a m athem atica l approach
T-1303
to  th e  c o r r e l a t i o n  o f  t T and AP w ith  S and T.
Brigham’s Approach
( ? )
Brighamv '  assumed t h a t  th e  p r e s s u re s  and tim es a t  the
p o in ts  o f  tangency a re  th e  same a s  th e  p r e s s u r e s  and tim es 
measured a t  the  p o in ts  where th e  p re s su re -a m p li tu d e  resp o n se  
o c c u rs .  This  i s  no t n e c e s s a r i ly  t r u e ,  b u t i t  may be an accu 
r a t e  enough approx im ation  and shou ld  be in v e s t ig a t e d  f u r th e r  
to  de term ine th e  ran g es  o f  a p p l i c a b i l i t y .  Equation  7 i s  the  
m athem atica l r e p r e s e n ta t i o n  o f  Brigham’ s assum ption .
A ccepting  Brigham’s assum ption a s  a c c u ra te ,  I  s h a l l  dem onstra te  
h i s  method of g e n e ra t in g  c o r r e l a t i o n  cu rves  f o r  s to ra g e  and 
t  r  ansmi s s i  b i l i  t y .
C o r re la t io n  o f  D im ensionless Time Lag w ith  D im ensionless 
Time: At t im e-lag - tw o  f i r s t  tim e d e r iv a t iv e  o f
p r e s s u re  i s  equal to  th e  s lo p e  of  th e  ta n g e n t  l i n e  used  to  
f in d  t L2;
P re s su re  resp o n se  e q u a tio n s  can be w r i t t e n  a t  th e  p o in ts  where 
th e  p re s su re -a m p li tu d e  re sp o n se  and time la g  occur:
(7)
P o in ts , ( 8 )
and making Brigham 's assum ption ,
(9)
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(1) at tL1> Pi = P4 - Z O ^ El l-56,90QSr‘ 
T(At^+tL1)
Ei l -56 ,900S r‘
TtLl
(2) a t  t L2, P2 = -  7 0 .6Bq jE i  j -56 ,900Sr
( 10)
TCAt1+At2 + tL2.




-36 ,900S r‘ 
TtL2 ( 11)
(3) a t  t T, ,  P , = P. -  7 0 .6Bq JEi I -36,90051^________
u-> 1 ’P  ̂ '  T( At1+At2+At3+ tL3)|'
-  Ei 1 -36 .900Sr '
T(AtD+At2+tTO)f  )
-  Ei I -36 ,900S r
TtL3
+ Ei l - 5 6 ,900Sr2 
3+tL3'
At t ^ ,  anc* ^ L l’ ^ime ex p ressed  by:
t  = A t^  + A t2 + A t^  +




t - Atx + tL1 (15J
The even p u lse  t im es  a re  e q u a l ,  and th e  odd p u lse  tim es a re
equal as  exp ressed  by e q u a t io n s  16, 17, and 18.
A t 2 — t^  — t^  • • •
At-^ = A^t^ — ^St^ • •»
( 16)
(17)
A t^  ^ A t2 excep t i n  a  s p e c ia l  case  (R = 1 .0 )  (18)
The even and odd p u lse  tim es a re  r e l a t e d  by th e  r a t i o  of th e  
s h u t - in  tim e to  th e  p u ls e  t im e , and t h i s  i s  exp ressed  in  
e q u a tio n  19,
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R A t s h u t - in = A tt — 1i even
A t p u i se A to d d  (19)
S u b s t i tu t io n  of e q u a tio n s  10, 12 , 13, and 15 i n t o  equa­
t io n  9 r e s u l t s  i n  e q u a tio n  20:
0 P£ = - 7 0 .6Bq
T T TtAt1+At2+At 3 + tL3_Atl “ t L37
Ei -56 ,9 0 0 S r‘
jfTAt1+2t2 +At3 +tL3T
-  Ei l - 56.900Sr*
|T(At2 H-At3 +tL3Tf
-  Ex -
+ Ei l-56 ,900S rI TtLI
+ Ei J -5 6 ,9 0 0 S r l  
TC At3 +t£3T1
-  Ei -
T( At-, +t






_2-  Ei l-Bg^OOSr* 
jTAt^(l+R+tL1/AtJT|
-  Ei I -5 6 .9 0 0 S r‘y  W W n M M M p N M M N M W M I M M M M i }
T A ^ U T i ^ t i  )|
+ Ei )-36 ,900Sr
LI 1 ^
-  Ei J - 96, 900S r 2
'  T A ^ T I+ t^ T A t^
+ Ei )-56.?O OSr
t L1/A t1 ) (21)
I f  d im en s io n less  tim e l a g  ( t ^ )  i s  d e f in e d  by eq u a tio n  22, 
e q u a tio n  21 can be s im p l i f i e d :





T A t,( l+R)
Ei |-56 ,900S r
,TAt1 (2 +R+t DLp-|
Ei |-56 ,900Sr
TAt]L( l +R+t DL1)
T-1303 17
The f i r s t  time d e r iv a t iv e  o f  e q u a tio n  11 w i l l  approxim ately  
equal eq u a tio n  23 i f  Brigham*s assum ption  (e q u a t io n  9) i s  accu­
r a t e  enough. Taking th e  f i r s t  d e r iv a t i v e  o f  e q u a tio n  11 r e s u l t s  
i n  e q u a tio n  24:
& P2 =: -70 • 6Bq
T
-1 Exp |-5 6 ,9 0 0 S r‘
( 7 t 1+At2+t L2) T( St^+At^+t ^ J j
+ 1 Exp j - 36 , 900Sr' 
2+"^L2'A t2+tL2 l^ v Z tv f
-  1 Exp J-36,900Br/
'L2 Tt,'L2 
(24)
With th e  use  o f  eq u a tio n s  19 and 22 , eq u a tio n  24 can be s im p l i ­




------ y  . .....
-Exp fcS i.S eoSr‘_____
lvTAt1(l+R+RtDL2)/l
At-, ( l+R +fetp^)L “  1
+ Exp 1-56 .9 0 0 5 ^
\T M jT R +R t^pr
At-L(R+RtDL2)
-  Exp / -5 6 ;900S r2 V  
I TpAf rR 7 H i
A t l S t DL2 (25)
S e t t i n g  e q u a tio n  23 equal to  e q u a t io n  23 produces a more u s e fu l  
form of eq u a tio n  9:






-  21 l-56.?OOSr‘
iTAt l ( l +R+t DL1.
-Exp /-5 6 ,9 0 0 S r‘ ,
l ^ t ’ ( i +R+R tDLp-;
+ Exp I -56.900Sr2 \
^ f i t Y f R T R t ^ W  
( r+r e( 1+R+Rtpjj2 ) 'DL2J
-  Exp f - ^ 6 4 g o s r l x -  
yrfA t^ (R tDL2)
HZDL2 ( 26 )
D im ensionless time (At^) be ing  d e f in e d  w ith  eq u a tio n  27, equa­
t io n  26 can a ls o  be s im p l i f i e d :
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A tQ = TA^
1 JEi J-1 .0  
(l+R) | j At D(2+R+t
-Exp J - 1 . 0











Ei - 1 .0
)AtD(l+R +tDL1)
+ ExpJ - 1 .0
A tD(R+RtDL2r
: R + R t ^ y
X R t ^ T ( 2 8 )
I f  a  r e l a t i o n s h i p  between th e  even and odd d im en sio n less  time 
la g s  could  be found fo r  a  g iven  R, eq u a tio n  28 could  be so lved  
by t r i a l  and e r r o r  f o r  A t^  g iven  a  t nT1 and an R. For th e  caseDL1
in  which th e  s h u t - in  time and p u lse  tim es  a re  equal (R = 1 .0 ) ,  
th e  even and odd tim e la g s  a re  approx im ate ly  eq u a l .  We can 
th e r e f o r e  so lv e  eq u a tio n  28 and s im i la r  e q u a tio n s  d e r iv e d  f o r  
o th e r  p o in ts  f o r  th e  s p e c ia l  case  o f  R = 1 .0 .  Brigham has done 
t h i s ,  and h i s  r e s u l t s  a re  i l l u s t r a t e d  i n  f ig u re  7®
Given any d im en s io n less  tim e la g  a d im en sio n less
tim e , A tp ,  could be found from th e  s o lu t io n  o f  eq u a tio n  2 8 . 
Looking a t  eq u a tio n  27, we see  t h a t  th e  unknowns a re  s t i l l  
t r a n s m i s s i b i l i t y  (T) and s to ra g e  (S ) .  We do no t have a  r e l a ­
t io n s h ip  a l low ing  us to  de term ine T or S, bu t we can f in d  
e i t h e r  T o r  S i n  term s o f  th e  rem ain ing  v a r i a b le ;
S = At_ T
A tD 56,900 r 2 (29)
T
(30)
= Atp 56 ,900Sr2 
St"
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C o r re la t io n  o f  D im ensionless Time Lag w ith  D im ensionless 
P ressu re-A m plitude  Response: P re ssu re -a ra p li tu d e  resp o n se  (A P) 
i s  measured from a ta n g e n t  l i n e  to  a p o in t  w ith  an equa l s lo p e ,
i . e . ,  a  p o in t  on a  ta n g e n t  l i n e  p a r a l l e l  to  the  f i r s t  ta n g en t 
l i n e ;
A P  = [(P re ssu re  a t  p o in t  o f  tangency) -  (P re s s u re  
a t  m idpo in t o f  ta n g e n t  l i n e ) |  (3 1 )
For th e  c a lc u l a t i o n  o f  th e  AP of th e  f i r s t  peak a t  *1,1» B rig ­
h am ^  assum ption (e q u a t io n  9) must be used ag a in ; t h a t  i s ,  l e t  
the  p r e s s u re s  a t  th e  p o in ts  o f  tangency be th e  same as  the  
p re s s u re s  measured where th e  p re s su re -a m p li tu d e  resp o n se  i s  
m easured. With e q u a tio n s  10, 12, 31* and 32, eq u a tio n  33 can 
be found:




- 7 0 . 6B - 1.0 - 1.0
A tD^DL3z
+ 1 /2  Ei-  1 /2  Ei - 1.0 - 1.0
t D(R+RtDL2
-  1 /2  Ei-  1 /2  Ei - 1.0 - 1.0
A tPR tDLoA t r r t DL2
(33)
I f  R = 1 .0 ,  i t  can ag a in  be assumed t h a t  a l l  d im en sio n less  time 
la g s  a re  e q u a l ,  and t h i s  w i l l  s im p lify  eq u a tio n  33:
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I f  d im en sio n less  p re s s u re  i s  d e f in e d  as  i n  eq u a tio n  3 5 > then 
e q u a tio n  3k i s  reduced to  e q u a tio n  36:
-APD - 1 /2  Ei







+ 3 /2  Ei I - 1 .0
A tDt DLl I (36)
In  eq u a tio n  36, R = 1 .0 ,  d im en s io n le ss  p re s s u r e  i s  a  fu n c t io n  
o f  Atp and t ^ .  A c o r r e l a t i o n  was developed p re v io u s ly  which 
r e l a t e d  A tp  to  t ^  f o r  equal s h u t - i n  and p u lse  tim es (R = 1 .0 ) .
T h ere fo re , AP^ can now be determ ined  f o r  any i f  s h u t - in
and p u lse  tim es a re  eq u a l .  With a va lue  f o rA P ^ ,  t ra n s ra is -
s i b i l i t y  can be determ ined  from e q u a tio n  35;
T = APd 70.6Bq 
S to rage  i s  determ ined  by e q u a tio n  29;
S = At
A tn 56,900 r ITJ
(37)
( 2 9 )
S im ila r  r e l a t i o n s h i p s  can be d e r iv e d  f o r  a l l  odd and even time 
la g s  and p re s su re -a m p li tu d e  re sp o n se s  when R = 1 .0 .  Brighamfs 
c o r r e l a t i o n s  o f  d im en s io n less  time la g  w ith  d im ension less
p re s s u re  (APp) a re  i l l u s t r a t e d  in  f ig u r e  8 . I f  a r e l a t i o n s h i p  
i s  found between th e  even and odd d im e n s io n le ss  time la g s  fo r  
s h u t - in  tim es which a re  no t equa l to  p u lse  tim es (R /  1 .0 ) ,  
th e  same approach to  c o r r e l a t i o n  o f  t^  and AP w ith T and S could 
be used . This supposes, o f  c o u rse ,  t h a t  Brigham*s assum ption 
i s  found to  be v a l id .
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PURPOSE AND SCOPE
The p rev io u s  s e c t io n s  d is c u s se d  th e  b a s ic  th eo ry  o f  p u lse  
t e s t i n g  as  a p p l ie d  to  i n f i n i t e  homogeneous r e s e r v o i r s .  I f  a 
r e s e r v o i r  i s  bounded, th e  p re s s u re  resp o n se  w i l l  be d i f f e r e n t  
from th a t  in  an i n f i n i t e  r e s e r v o i r .
This s tudy  looks a t  how c lo s e  two types  o f  s in g le  l i n e a r  
b o undarie s  can g e t  to  th e  p a i r  o f  t e s t  w e l ls  w ithou t causing  
a change i n  th e  t r a n s m i s s i b i l i t y  and s to r a g e ,  as  determ ined  
from a p u lse  t e s t .  I  w i l l  a l s o  t r y  to  determ ine what k in d  of 
an e f f e c t  th e  boundaries  have on th e se  v a r ia b le s  f o r  d i f f e r e n t  
b a r r i e r  d i s t a n c e s ,  d i f f e r e n t  l o c a t i o n s  o f  th e  b a r r i e r ,  and 
d i f f e r e n t  homogeneous r e s e r v o i r  c o n d i t io n s .
The two ty p e s  o f  b a r r i e r s  to  be s tu d ie d  w i l l  be th e  no­
flow b a r r i e r  and th e  c o n s ta n t - p r e s s u r e  b a r r i e r .  The no-flow  
b a r r i e r  cou ld  occur n a t u r a l l y  i n  a  r e s e r v o i r  as  a p in c h -o u t  o f  
th e  fo rm ation  o r  as  a f a u l t  a c ro s s  which th e re  was no communi­
c a t io n .  The c o n s ta n t - p r e s s u r e  boundary could  occur  as the
r e s u l t  o f  a  n a t u r a l  w ater d r iv e  e x i s t i n g  n ea r  th e  w e ll  t e s t
p a i r .
( 6 )Vela and McKinley have d e s c r ib e d  the  r a d iu s  of  in f lu e n c e
about th e  p u ls in g  w ell  by e q u a tio n  38:
r i n f  = k ’2 x 10" 3 y (^8)
In  eq u a tio n  38, ^ i s  th e  h y d ra u l ic  d i f f u s i v i t y  of th e  fo rm ation  
and i s  equal to  t r a n s m i s s i b i l i t y  d iv id e d  by s to r a g e .  A c i r c l e  
of equa l r a d iu s  i s  a ls o  c e n te re d  abou t th e  respond ing  w e ll .
The a re a  enc losed  by th e se  two c i r c l e s  i s  the  in f lu e n c e d  a re a
T-1303 22
o f  a p u lse  t e s t .  An in f lu e n c e  r e c ta n g le  i s  d e f in e d  as  th e
( 6 )r e c ta n g le  c i rc u m sc r ib in g  th e  in f lu e n c e  c i r c l e s . , '  The a r e a  
o f  th e  in f lu e n c e  r e c ta n g le  i s  p r o p o r t io n a l  to  th e  p u lse  le n g th ,
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THEORETICAL PROCEDURE
W ithin t h i s  s e c t io n  I  w i l l  show how I  have used th e  l i n e -  
source  s o lu t io n  to  th e  d i f f u s i v i t y  eq u a t io n ,  the  p r i n c i p l e  of 
s u p e rp o s i t io n ,  th e  method o f  im ages, and th e  r e c i p r o c i t y  p r i n ­
c i p l e  to  s tudy  th e  e f f e c t s  o f  d i f f e r e n t  boundary c o n d i t io n s  
upon th e  r e s u l t s  o f  a p u lse  t e s t .
The S u p e rp o s i t io n  P r in c ip le
As s t a t e d  i n  p re v io u s  s e c t i o n s ,  the  p re s s u re  t r a n s i e n t s  
caused by p u lse  t e s t i n g  can be s im u la ted  by th e  l in e - s o u r c e  
s o lu t io n  to  th e  d i f f u s i v i t y  e q u a tio n  fo r  an i n f i n i t e  homogene­
ous, s in g le -p h a s e ,  s l i g h t l y  com press ib le  r e s e r v o i r .  The p r e s ­
su re  t r a n s i e n t  due to  an i n j e c t i o n  p e r io d  would be r e p re s e n te d  
by e q u a tio n  6. The same e q u a tio n  i s  used to  r e p r e s e n t  a 
p ro d u c tio n  p e r io d ,  b u t th e  minus s ig n  fo llo w in g  th e  i n i t i a l  
p r e s s u re  term (IL ) i s  changed to  a  p o s i t i v e  s ig n .
With th e  use o f  th e  p r i n c i p l e  o f  s u p e rp o s i t io n ,  th e  r e s u l t ­
a n t  p r e s s u re  t r a n s i e n t  a t  a  p o in t  i n  space and a t  any time i s  
de term ined  by superim posing  o r  adding th e  t r a n s i e n t  o f  one flow 
p e r io d  upon th e  t r a n s i e n t  r e s u l t i n g  from th e  p rev io u s  p e r io d s  
of  flow . The resp o n se  eq u a tio n  a t  any time t  w i l l  th u s  have
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as  many e x p o n e n t i a l - i n te g r a l  term s as th e re  a re  f lo w -ra te  
changes up to  time t .
The magnitude o f  th e  p re s s u re  response  w i l l  be th e  same 
fo r  an i n j e c t i o n  p u lse  as  fo r  a  p ro d u c tio n  p u ls e ,  as long  as 
th e  f lo w -r a te  changes a r e  equa l i n  m agnitude. To e l im in a te  
d u p l ic a te  d a ta ,  I  have used th e  i n j e c t i o n - p u l s e r  model th rough­
out t h i s  s tu d y .  S ince th e  f lo w - ra te  changes i n  p u lse  t e s t i n g  
a re  e q u a l ,  e q u a tio n  39 i s  th e  m athem atica l r e p r e s e n ta t i o n  o f  
th e  model used:
With the  use o f  e q u a tio n s  27 and 35 > which d e f in e  d im en s io n less  
time and d im en s io n less  p r e s s u re ,  eq u a tio n  39 can be r e w r i t t e n  
i n  a d im en sio n less  form i f :
1) t  r e p r e s e n t s  th e  tim e e lap se d  s in c e  the  beg inn ing  of 
th e  t e s t  and i s  equa l to  A(At) + B (R ^t), where A i s  
th e  number o f  i n j e c t i o n  i n t e r v a l s  and B i s  th e  num­
b e r  o f  s h u t - i n  i n t e r v a l s  to  th e  end o f  th e  t e s t  
p e r io d ,
2) Z'n r e p r e s e n t s  th e  tim e e lap sed  from th e  beg inn ing  of 
th e  t e s t  to  th e  beg inn ing  o f  i n t e r v a l  ,fnn and i s  equal 
to  C(At)  + D(RAt) where C i s  th e  number o f  i n j e c t i o n  
i n t e r v a l s  and D i s  th e  number o f  s h u t - in  i n t e r v a l s .
From th e  above i t  can be seen t h a t  ( t  -  T n ) i s  a fu n c tio n  of 
At, th e  i n j e c t i o n  i n t e r v a l ,  and w i l l  have a form such as 
e q u a tio n  4 0 :
A P = - 70,6Bq
~  T~ ±n = 1 Ei ) -56 .900Sr' (.39)
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( t  -  r n) = (A -  C)At + (B -  D) RAt = At(Cx + RC2 ) ,
(40)
R e w rit ten  i n  d im en sio n less  form, eq u a tio n  39 i s  e q u iv a le n t  to  
eq u a tio n  Zfl:
A Pn = -  ) ( - l ) n+1 Ei f  - 1 .0  1
n=l j&tpCCj+'Rcpj (41)
where N r e p r e s e n t s  th e  t o t a l  number o f  i n j e c t i o n  and s h u t - in  
i n t e r v a l s .
The above model assumes an i n f i n i t e  homogeneous r e s e r v o i r .  
The method o f  images can be used to  r e p r e s e n t  b a r r i e r s ,  and 
th e  image resp o n se  can be superim posed upon th e  above response  
fo r  an i n f i n i t e  r e s e r v o i r .
The Method o f  Images
The method o f  images can be i l l u s t r a t e d  by c o n s id e r in g  
what i s  im p lied  by a no-flow  o r  c o n s ta n t - p r e s s u r e  b a r r i e r  a t  
a  d is ta n c e  "b" from th e  p u l s e r  w e l l ,  a s  i s  i l l u s t r a t e d  i n  
f ig u r e s  9 and 10. I f  we p la c e d  a  drop o f  o i l  on th e  l i n e  
r e p r e s e n t in g  th e  no-flow  b a r r i e r  i n  f ig u re  9j th e  drop would 
s ta y  i n  p la c e  s in c e  th e re  i s  no flow . There i s  as  much 
p o t e n t i a l  to  flow i n  e i t h e r  d i r e c t i o n  away from th e  b a r r i e r .  
This  i s  th e  same s i t u a t i o n  t h a t  e x i s t s  in  a  homogeneous 
r e s e r v o i r  when two w e lls  a re  p roducing  o r  i n j e c t i n g  a t  the  
same r a t e  o f  flow; th e re  i s  a  l i n e  of equal p o t e n t i a l  midway 
between th e  two w e l l s .  Thus, a no-flow  b a r r i e r  can be r e p ­
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---------------------------------
Responder
F ig u re  10. — I l l u s t r a t i o n  o f  c o n s ta n t -p r e s s u re  boundary.
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p e n d ic u la r  d is ta n c e  "b11 to  th e  o p p o s ite  s id e  of  th e  b a r r i e r  
a s  th e  p u ls e r  w e l l ,  a s  i l l u s t r a t e d  i n  f ig u re  9*
The c o n s ta n t -p r e s s u r e  b a r r i e r  i s  s im u la ted  i n  a  l i k e  man­
n e r ,  bu t th e  im age-w ell flow r a t e  i s  i n  th e  o p p o s ite  sense to 
t h a t  of th e  p u l s e r  w e l l .  A p roducing  image w ell  must be used 
to  r e l i e v e  the  p re s s u re  b u ild u p  a t  the  b a r r i e r  caused by an 
i n j e c t i o n  p u l s e r .
No Flow a t  Boundary
The e f f e c t s  o f  no -flow  b o undarie s  t h a t  a re  e i t h e r  perpen­
d i c u l a r  o r  p a r a l l e l  to  a  l i n e  through th e  w ell p a i r  be ing  t e s t e d  
w i l l  be s tu d ie d .
P e rp e n d ic u la r  Boundary. P e rp e n d ic u la r  b o u n d arie s  w i l l  
be i n  one of two g e n e ra l  l o c a t i o n s :  e i t h e r  n ea r  th e  p u ls e r
w e ll  o r  n ea r  th e  re sp o n d e r  w e l l .  The b a r r i e r  does n o t  l i e  
between th e  p u ls e r  and re sp o n d e r  i n  e i t h e r  c a se .  The two 
g e n e ra l  l o c a t i o n s  a r e  in d ic a t e d  by f ig u re  11.
The eq u a tio n s  used to  model th e  image p re s s u re  response  
a re  th e  same as  th o se  used  to  model th e  re sp o n se  o f  th e  p u ls e r  
w e ll  a t  th e  re sp o n d e r  w e l l .  Now, however, th e  d is ta n c e  between 
th e  re sp o n d e r  w ell  and th e  w e ll  g e n e ra t in g  th e  p re s s u re  t r a n ­
s i e n t  i s  l a r g e r  than  r .
The d is ta n c e  from th e  l e f t  image w e ll  i n  f ig u re  11 to  th e  
re sp o n d e r  w ell i s  equal to  tw ice th e  d is ta n c e  to  the  b a r r i e r  
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F ig u re  12. — Two g e n e ra l  lo c a t i o n s  fo r  p a r a l l e l  l i n e a r  
b o u n d a r ie s .
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r-j- = (2  x b) + r  (42)
Using eq u a tio n  42 as  th e  e x p re s s io n  fo r  the  d i s t a n c e  between
th e  image and resp o n d er  w e ll  i n  th e  eq ua tion  f o r  d im en sio n less
tim e (e q u a t io n  27) r e s u l t s  i n  e q u a tio n  4 3 •
_______ TAt    = (A tD) I
56 ,900S (2b+r)2 (/f 3)
Equation  43 can be m odified  by th e  m a n ip u la t io n s  exp ressed  in
e q u a tio n s  44 to  make th e  d im en s io n less  tim e o f  th e  image w ell
a c o n s ta n t  fu n c t io n  o f  th e  d im en s io n less  tim e o f  th e  p u ls e r
w e ll :
(AtD) J =______________ TAt________ = TAt r2
56 ,900S(2b+ r)2 56 ,900S r2 (2 b + r)2
= (  r  ) 2
P 2 b + r  7  (Mt)
I f  th e  d is ta n c e  to  the  b a r r i e r  (b) i s  a fu n c t io n  (b = b r)  of 
th e  w ell spac ing  ( r ) ,  then  th e  w ell  spac ing  c a n c e ls  i n  equa­
t io n  44 and eq u a tio n  45 r e s u l t s :
U t n) T = A tD / 1 \ 2
D 1 D \ 2 F T 7  (if5)
The squared  term i n  eq u a tio n  43 i s  a  c o n s ta n t  determ ined by
th e  d is ta n c e  to  th e  b a r r i e r ,  and i t  i s  e q u iv a le n t  to  th e  square
o f  th e  q u o t ie n t  r e s u l t i n g  from d iv id in g  th e  w e ll  spac ing  by
th e  d is ta n c e  between the  image w e ll  and th e  re sp o n d e r:
( 1 \ ^ = / r  \  ^ = C onstan t
\2b+x ; \ , r z J (it6)
The p re s s u re - re s p o n s e  eq u a tio n  fo r  th e  image w ell  can now 
be exp ressed  i n  the  same d im en s io n less  time a s  th e  p u ls e r
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re sp o n se .  This a llow s th e  image response  to  be superim posed 
or added to  the  p u ls e r  response  a t  th e  same d im en sio n less  time 
i n t e r v a l s .  The image resp o n se  fo r  a no-flow  p e rp e n d ic u la r  
b a r r i e r  w ith  an i n j e c t i o n  p u l s e r  i s  r e p re s e n te d  by e q u a tio n  47 s
Looking a t  f ig u re  11 a g a in ,  one can see  th a t  th e  d i s ­
tan ce  from th e  r i g h t  image w ell  to  the  resp o n d er  w ell i s  the  
same as  f o r  th e  p rev io u s  c a s e .  The image w e ll  i s  th e  same 
d is ta n c e  from th e  b a r r i e r  as  th e  p u l s e r  w e l l .  Thus eq u a tio n  47 
r e p r e s e n t s  a b a r r i e r  a t  t h i s  l o c a t i o n  a l s o .
P a r a l l e l  Boundary. P a r a l l e l  boundaries  a l s o  have two 
g e n e ra l  l o c a t i o n s ,  as  can be seen  in  f ig u re  12. By in s p e c t io n  
i t  i s  easy to  see  t h a t  bo th  lo c a t io n s  of  th e  b a r r i e r  w i l l  
produce the  same r e s u l t s .  The d is ta n c e s  from th e  image w e lls  
to  th e  re sp o n d e r  w e ll  a re  th e  same.
The d is ta n c e  from an image w ell to  th e  resp o n d e r  ( r j )  i s  
r e p re s e n te d  by eq u a tio n  48 f o r  p a r a l l e l  b oundarie s :
By m a n ip u la t io n s  s im i l a r  to  eq u a tio n s  44 > the  d im en sio n less  
tim e of th e  image w e ll  can be expressed  a s  a c o n s ta n t  fu n c t io n  
o f  th e  p u l s e r - w e l l  d im en s io n less  tim e, as  i n  eq u a tio n  4 9 •
AP D









The p re s s u re  re sp o n se  due to  a p a r a l l e l - b a r r i e r  im age-w ell
would be r e p re s e n te d  by e q u a tio n  5 0 , s in c e  th e  p u ls e r  w e ll  i s
an i n j e c t i o n  w ellI
^  %n+lA P d = - >  . ( - 1 ) “ -1- E i l  - 1 .0
-1  'A tD(C1+C2R) (ifb2+ l)
(50)
C onstan t P re s s u re  a t  Boundary
For th e  s im u la t io n  o f  th e  c o n s ta n t -p r e s s u re  b o u n d a r ie s ,  
th e  same te ch n iq u es  a re  used  as  i n  th e  no-flow  boundary c a se s .  
The d is ta n c e  from th e  image w e ll  to  th e  re sp o n d e r  w e ll  i s  c a l ­
c u la te d ,  and the  d im en s io n less  tim e o f  th e  image w e ll  i s  changed 
to  a  c o n s ta n t  fu n c t io n  o f  th e  d im en sio n less  tim e o f  th e  p u ls e r  
w e l l .
P e rp e n d ic u la r  Boundary. The e q u a tio n  r e p r e s e n t in g  th e  
image w ell  fo r  a  c o n s ta n t -p r e s s u re  p e rp e n d ic u la r  b a r r i e r  i s  
th e  same as  eq u a tio n  W7 excep t f o r  a  s ig n  change:
A Pn = ( - l ) n+1 Ei f  - 1 .0  ( 1 \ 21
A tD('Ci+C2R)  ̂2b+l ;  r (51)
The above eq u a tio n  a l s o  assumes t h a t  th e  p u ls e r  w e ll  i s  an 
i n j e c t i o n  w e l l .
P a r a l l e l  Boundary. Equation  52 i s  th e  same as e q u a tio n  50 
excep t fo r  a  s ig n  change:
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APd = > '  ( - I ) ” '1'1 Ei I - 1 .0
n=1 ’A tpC C ^C ^) ltb2 + l j  ( 5 2 )
The t r a n s i e n t s  r e s u l t i n g  from e q u a tio n s  51 and 52 a re  th e  
r e s u l t s  o f  p ro d u c tio n  p u ls e s  used  to  s im u la te  th e  image w e ll  
o f  an i n j e c t o r  p u l s e r  n e a r  a c o n s ta n t - p r e s s u r e  boundary*
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METHOD OF INVESTIGATION
I  have w r i t t e n  a  computer program t h a t  perform s two func­
t i o n s .  The f i r s t  fu n c t io n  o f  th e  program i s  to  g e n e ra te  a 
p re s s u re  re sp o n se  fo r  a g iven  s e t  o f  boundary c o n d i t io n s  and 
flow c o n d i t io n s .  The o th e r  fu n c t io n  o f  th e  program i s  to  
determ ine what th e  tim e la g s  and p re s su re -a m p li tu d e  re sp o n se s  
a r e  fo r  th e  g e n e ra ted  p re s s u re - t im e  curve and th e  g iven  flow - 
r a t e  h i s t o r y .
G enera tion  o f  P re s su re  Response
From in p u t  d a ta  th e  program d eterm ines  what type o f  b a r ­
r i e r  i s  p r e s e n t  and how f a r  th e  image w e ll  i s  from th e  responder 
w e l l .  In p u t  d a ta  a l s o  t e l l s  th e  program the  le n g th  o f  th e  
p u lse  i n t e r v a l ,  th e  r a t i o  o f  s h u t - i n  to  p u lse  t im e , th e  number 
o f  s h u t - in  and p u lse  i n t e r v a l s ,  and th e  tim e increm en t between 
c a l c u l a t i o n s  o f  th e  p r e s s u re  r e sp o n se .
Using th e  above d a ta  and eq u a tio n  39 fo r  th e  prim ary 
re sp o n se  and e q u a tio n  47, 3 0 , 3 1 , or  52 f o r  th e  Image re sp o n se , 
th e  program g e n e ra te s  a d im e n s io n le ss  p re s s u re - t im e  cu rve .
The program w i l l  s im u la te  any s in g le  l i n e a r  no-flow  or c o n s ta n t -  
p re s s u r e  boundary t h a t  does no t c u t  th e  s t r a i g h t  l i n e  between
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th e  p u ls e r  and resp o n d e r  w e l l s .  However, I have l im i te d  my 
in v e s t i g a t i o n  to  p e rp e n d ic u la r  and p a r a l l e l  b o u n d a r ie s .
Tangent Method of I n t e r p r e t a t i o n
My program d e term ines  th e  ta n g en t  l i n e s ,  p a r a l l e l  tan g en t  
l i n e s ,  tim e l a g s ,  and th e  p re s su re -a m p li tu d e  re sp o n se s .
D ete rm ination  o f  Tangent L ines — The program se a rch es  
th e  g e n e ra te d  d im en s io n less  t im e-d im en s io n le ss  p re s s u re  curve 
fo r  n e g a t iv e  s lo p e s .  I f  one i s  found, th e  program then  looks 
fo r  th e  maxima and th e  minima o f  th e  cu rve . A f te r  they  have 
been lo c a te d ,  they  a re  used to  de term ine th e  eq u a tio n s  fo r  the  
i n i t i a l  t r i a l  tan g en t  l i n e s .  The program then  d e term ines  the  
tim es a t  which th e  maximum p r e s s u re  d i f f e r e n c e s  between the  
t r i a l  ta n g en t  l i n e  and th e  g en e ra ted  curve o ccu r . The p o in ts  
of  maximum p re s s u re  d i f f e r e n c e  a r e  then used to  determ ine the  
nex t t r i a l  ta n g en t  l i n e .  I f  th e  maximum p re s s u re  d i f f e r e n c e s  
between a ta n g e n t  l i n e  and th e  g en e ra ted  curve a re  w ith in  a 
g iven  to le ra n c e  ( 0 . 0 0 0 0 5 ) ,  th e  ta n g e n t  l i n e  has been found 
fo r  my p u rp o ses .
I f  no n e g a t iv e  s lo p e s  a r e  found on th e  g en e ra ted  dimen­
s io n l e s s  t im e-d im en s io n le ss  p re s s u re  cu rve , then  the  program 
looks  f o r  th e  p o in ts  o f  i n f l e c t i o n .  A chord i s  drawn between 
each p a i r  o f  i n f l e c t i o n  p o in t s ,  and the  maximum p re ssu re  d i f ­
fe re n c e s  between the  g e n e ra te d  curve and the  chords a re  then  
de te rm ined . The p o in ts  o f  maximum p re s s u re  d i f f e r e n c e  a re  
used to  de term ine th e  i n i t i a l  t r i a l  ta n g en t l i n e s .  The ta n g en t
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l i n e s  a re  determ ined  by t r i a l  and e r r o r ,  a s  i n  th e  above p a ra ­
g raph , once th e  i n i t i a l  t r i a l  ta n g en t p o in ts  have been lo c a te d .
D ete rm ination  o f  P a r a l l e l  Tangent L ines - -  Once a tan g en t 
l i n e  has been found, th e  g e n e ra ted  curve ly in g  between the  
p o in t s  o f  tangency i s  sea rch ed  f o r  a  s lo p e  t h a t  i s  equal to  
th e  s lo p e  o f  th e  ta n g e n t  l i n e .  The p o in t  a t  which t h i s  occurs  
w i l l  be ta n g e n t  to  a  p a r a l l e l  ta n g e n t  l i n e .
D ete rm ination  o f  Time Lag and P ressu re-A m plitude  Response 
— The d im en s io n less  p re s su re -a m p li tu d e  re sp o n se  i s  measured 
a t  th e  p o in t  where th e  p a r a l l e l  ta n g e n t  l i n e  i s  ta n g e n t  to  the  
g e n e ra te d  d im en s io n less  p re s s u re -d im e n s io n le s s  time cu rve . The 
p re s su re -a m p li tu d e  re sp o n se  i s  eq u a l to  th e  d i f f e r e n c e  in  
p re s s u re  between th e  ta n g e n t  l i n e  and th e  p o in t  a t  which the  
p a r a l l e l  l i n e  i s  ta n g e n t  to  th e  g en e ra ted  cu rve , as  i l l u s t r a t e d  
i n  f ig u r e s  5a a&d 5b.
The tim e la g  i s  a l s o  measured from th e  p o in t  a t  which the  
p a r a l l e l  l i n e  i s  ta n g e n t  to  th e  g en e ra ted  cu rv e . The time la g  
i s  th e  d i f f e r e n c e  i n  d im en s io n less  time from th e  above p o in t  
to  th e  beg inn ing  o f  th e  l a s t  flow p e r io d ,  as  i l l u s t r a t e d  in  
f ig u r e s  5a anc* 5b.
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ANALYSIS OF RESULTS
This s tudy  was l im i te d  to  equa l s h u t - in  and p u lse  i n t e r ­
v a l s .  Through p e r s o n a l  communication, H. K. van P o o llen  has 
i n d ic a t e d  t h a t  Brigham1s i n t e r p r e t a t i o n  c h a r t s  a re  a c c u ra te  
fo r  equa l s h u t - in  and p u lse  i n t e r v a l s .
The tim e la g s  and p re s s u re -a m p li tu d e  re sp o n ses  i n  dimen­
s io n l e s s  tim e and p re s s u re  f o r  th e  p u ls e  t e s t s  s tu d ie d  a re  
ta b u la te d  i n  t a b l e s  1 th rough  13. A f a i r l y  e x ten s iv e  s tudy  i s  
made f o r  th e  d im en s io n less  p u ls e  i n t e r v a l  of one ( 1 .0 ) .  R e s u l ts  
a re  a l s o  in c lu d e d  fo r  d im e n s io n le ss  p u lse  i n t e r v a l s  o f  0 .5  
and 2 .0 .
T r a n s m is s ib i l i ty  (T) and s to ra g e  (S) were c a lc u la te d  u s in g  
th e  c o r r e l a t i o n  c h a r t s  i n  th e  appendix  ( f i g u r e s  7 and 8 ) .  The 
p e r  ce n t  e r r o r  i n  T and S were then  determ ined by ta k in g  the  
d i f f e r e n c e s  i n  th e  v a lu es  f o r  an i n f i n i t e  r e s e r v o i r  and th e  
v a lu es  f o r  a r e s e r v o i r  w ith  a boundary and then  d iv id in g  th e  
d i f f e r e n c e s  by th e  v a lu es  fo r  an i n f i n i t e  r e s e r v o i r .  The p er  
ce n t  e r r o r  i n  T and S were then  p l o t t e d  v ersu s  d im en sio n less  
d is ta n c e  to  th e  b a r r i e r  from th e  p u l s e r  w ell  ( f i g u r e s  13 through 
18).
The r e s u l t s  p lo t t e d  i n  f ig u r e s  13 through 18 i n d i c a t e  t h a t  
eq u a tio n  38, used by Vela and McKinley^ i s  a c c e p ta b le  fo r
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d e s c r ib in g  th e  maximum r a d iu s  o f  in f lu e n c e  i n  a p u lse  t e s t :
r i n f  = x 10~^ V Y) ^  (38)
where
Y) = 2  = J l _
L S ^  c .
Equation  38 can be r e w r i t t e n  u s in g  th e  d e f i n i t i o n  o f  dimen­
s io n l e s s  tim e (e q u a t io n  2 7 ) :
r i n f  = x Jktitf/sfic
AtD = ( A t k ) / ( 5 6 , 9 0 0 r ^ c )
(Atk)/C*yJc) = r 2AtD56,900
r i n f  = ^*2 x 10"3 / AtjjT256,900
V At,r i n f  "  ry “ ''D (53)
The d im en s io n less  r a d iu s  o f  in f lu e n c e  can be found by d iv id in g  
e q u a tio n  33 by th e  w e ll  sp ac in g  ( r ) :
r i n f  ~
r  (34)
For th e  d im en s io n less  p u lse  i n t e r v a l s  used i n  t h i s  s tu d y ,  
eq u a tio n  34 would i n d i c a t e  th e  fo l lo w in g  r a d i i  of in f lu e n c e :
1) f o r  a p u lse  i n t e r v a l  = 0*3
r i n f  = = *708
r
2) f o r  a p u lse  i n t e r v a l  = 1 .0
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3) fo r  a p u lse  i n t e r v a l  = 2 .0
r i n f  = = 1 ‘k lk
r
By lo o k in g  a t  f ig u r e s  17 and 18, one can see t h a t  fo r  a p u lse  
i n t e r v a l  o f  2 .0 ,  t r a n s m i s s i b i l i t y  and s to ra g e  a re  a f f e c t e d  when 
a b a r r i e r  i s  w ith in  a d im en s io n less  d is ta n c e  o f  l.Zf to  th e  p u l­
s e r .  This i s  a s  p r e d ic te d  above, b u t  a  look a t  f ig u r e s  13, 1**, 
15, and 16 in d i c a t e s  t h a t  T and S a re  in f lu e n c e d  even when th e  
b a r r i e r  i s  o u ts id e  th e  p r e d ic te d  r a d i i  o f  in f lu e n c e  fo r  p u lse  
i n t e r v a l s  o f  0 .5  and 1 .0 .  However, th e  e r r o r  i s  g e n e ra l ly  
w ith in  p lu s  o r  minus 5% u n t i l  th e  b a r r i e r  i s  w i th in  th e  p re ­
d ic te d  r a d i i  o f  in f lu e n c e .
The d a ta  i n d i c a t e s  t h a t  th e  r a d iu s  o f  in f lu e n c e  i s  in c re a s e d  
by lo n g e r  d im en s io n less  p u lse  i n t e r v a l s .  In c re a s in g  th e  dimen­
s io n l e s s  tim e o f  a p u lse  i n t e r v a l  i s  th e  same as  in c r e a s in g  the  
p e rm e a b i l i ty  o r  th e  r e a l  time i n t e r v a l  or d e c re a s in g  p o r o s i ty ,  
v i s c o s i t y ,  c o m p re s s ib i l i ty ,  o r  w e ll  sp a c in g . In c re a s in g  th e  
d im e n s io n le ss  tim e o f  a p u lse  i n t e r v a l  f o r  a  g iven  d is ta n c e  
to  a b a r r i e r  w i l l  i n c r e a s e  th e  e r r o r  i n  th e  v a lu es  o f  T and S 
o b ta in e d  from th e  p u lse  t e s t .
By lo o k in g  a t  f ig u re s  13 th rough  18, one can a ls o  see t h a t  
th e  e r r o r  due to  a p a r a l l e l  l i n e a r  boundary i s  g r e a t e r  than  
t h a t  due to  a p e rp e n d ic u la r  l i n e a r  boundary. This i s  to  be 
expected  s in c e ,  fo r  th e  same d is t a n c e  to  e i t h e r  b a r r i e r  from 
th e  p u l s e r  w e ll ,  the  d is ta n c e  to  th e  re sp o n d e r  w ell  from the 
image w e ll  i s  lo n g e r  fo r  th e  p e rp e n d ic u la r  b a r r i e r .
I f  th e  p e r  cen t e r r o r  i n  T and S were p l o t t e d  on the  same
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graph v e rsu s  d im en sio n less  d is ta n c e  to  th e  b a r r i e r  from the 
p u ls e r  w e ll ,  one could a l s o  observe t h a t  t r a n s m i s s i b i l i t y  i s  
a f f e c t e d  by a l i n e a r  boundary b e fo re  s to ra g e  and th a t  T i s  
a f f e c t e d  to  a much g r e a t e r  e x te n t  than  S.
The a u th o r  recommends t h a t  th e  fo llo w in g  be f u r th e r  in v e s ­
t i g a t e d :
1. th e  accuracy  o f  Brigham’s assum ption;
2 . th e  c o r r e l a t i o n  o f  even and odd time la g s  f o r  a g iven  
R, and th e  e s ta b l ish m e n t  o f  cu rves  s im i l a r  to  B rig ­
ham’s fo r  R A 1;
3 .  the  e f f e c t s  o f  d i f f e r e n t  v a lu es  of R upon p u l s e - t e s t i n g  
r e s u l t s ;
4 . th e  development o f  a  method which d e f in e s  th e  lo c a ­
t io n  o f  b o undarie s  from p u l s e - t e s t  r e s u l t s ;  and
5 . th e  r e l i a b i l i t y  o f  d i f f e r e n t  p u l s e - t e s t  i n t e r v a l s  i n
i
d e te rm in in g  t r a n s m i s s i b i l i t y  and s to ra g e  o f  th e  r e s e r ­
v o i r .
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CONCLUSIONS
The fo l lo w in g  co n c lu s io n s  a r e  based on th e  r e s u l t s  of t h i s  
s tudy :
1 . The approxim ate r a d iu s  o f  in f lu e n c e  can be r e p re s e n te d  
by eq u a tio n  38, a l th o u g h  a l i n e a r  boundary may have
a s l i g h t  e f f e c t  ( i  3%) upon th e  r e s u l t s  even when 
o u ts id e  t h i s  p r e d ic te d  r a d iu s .
2 . The e f f e c t s  o f  a  l i n e a r  boundary a re  a fu n c t io n  of 
bo th  th e  d is ta n c e  to  th e  boundary and th e  a n g u la r  
lo c a t io n  o f  th e  boundary.
3 . In c re a s in g  th e  le n g th  o f  th e  p u lse  i n t e r v a l  n ea r  a 
l i n e a r  boundary i n c r e a s e s  th e  e r r o r  i n  th e  v a lu es  of 
t r a n s m i s s i b i l i t y  and s to r a g e  o b ta in ed  from th e  p u lse  
t e s t .
A. A r e s e r v o i r  w ith  h igh  p e r m e a b i l i ty ,  low p o r o s i ty ,  low 
v i s c o s i t y  f l u i d s ,  low c o m p re s s ib i l i ty  f l u i d s ,  o r  sm all 
w ell sp a c in g  w i l l  be a f f e c t e d  by th e  p resen ce  of  a 
l i n e a r  boundary to  a g r e a t e r  e x te n t  than  a r e s e r v o i r  
w ith  th e  above v a r i a b le s  i n  th e  o p p o s ite  se n se .
3 . The value c a lc u la te d  f o r  t r a n s m i s s i b i l i t y  i s  a f f e c te d  
to  a g r e a t e r  e x te n t  by th e  p resence  of a l i n e a r  bound­
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F ig u re  7. 
F ig u re  8*
APPENDIX
SECTION I
— Brigham*s c o r r e l a t i o n  o f  d im en sio n less  tim e la g  
and d im e n s io n le ss  t im e .
— Brigham*s c o r r e l a t i o n  o f  d im en sio n less  tim e la g  
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A ll l a t e r  p u ls e s
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F ig u re  7* — Brigham*s c o r r e l a t i o n  o f  d im en s io n less  time 
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F ig u re  8 . — Brigham 's c o r r e l a t i o n  o f  d im en s io n less  time 
la g  and d im en s io n less  -p re ssu re .  (2)
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SECTION I I
Tables 1 through 13. — T ab u la tio n  o f  tim e la g  and p r e s s u r e -  
am plitude  re sp o n se  fo r  th e  d im en sio n less  p u lse  
t e s t s  s tu d ie d .
F ig u re s  13 through 18. — P lo t s  o f  p e r  cen t e r r o r  i n  t r a n s -  
mi s s i b i l i t y  and s to ra g e  v e rsu s  d im en sio n less  
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